pasa-Tm- 98815~

DOE/NASA/1005-10
NASA TM-88815 NASA-TM-88815

198G 00 30240

Qverview of NASA Lewis Research
Center Free-Piston Stirling Engine
Technology Activities Applicable
to Space Power Systems

Jack G. Slaby
National Aeronautics and Space Administration
Lewis Research Center

Work performed for

U.S. DEPARTMENT OF ENERGY
Conservation and Renewable Energy
Division of Building and Community Systems

LIBRARY £09Y

JAN 1 7 1007
Prepared for
Fourth Symposium on Space Nuclear Power Systems L""GL“L":é"n:fy'““V"f";f’”ER
sponsored by Institute for Space Nuclear Power Studies MAMPTON, VIRGINIA

Albuquerque, New Mexico, January 12-16, 1987



DISCLAIMER

This report was prepared as an account of work sponsored by an agency
of the United States Government. Neither the United States Government
nor any agency thereof, nor any of their employees, makes any warranty,
express or implied, or assumes any legal llability or responsibility for the
accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or refiect those of the United
States Government or any agency thereof.

Printed in the United States of America

Available from
National Technical information Service
U.S. Department of Commerce
6285 Port Roya! Road
Springfield, VA 22161

NTIS price codes
Printed copy: A02
Microfiche copy: AO1

1Codes are used for pricing all publications. The code is determined by
the number of pages in the publication. Information pertaining to the
pricing codes can be found in the current issues of the following
publications, which are generally available in most libraries: Energy
Research Abstracts (ERA); Government Reports Announcements and Index
(GRA and 1), Scientific and Technical Abstract Reports (STAR); and
publication, NTIS-PR-360 available from NTIS at the above address.



e

LAY SRS

UTTL 2
AUTH 2
CORF 3
SAF 3

CIO:

MATS s
MING

ARA

ENTER: X RN/NASA-THM-88815

A

X &)

DIGRLAY 15/&/71
BAN2YT7TIEwH IS8UE 20 FAGE 3255 CATEGORY @9 RET#H: MABA-THM-88R15
DOE/MNASA-1005/10 E-3170 NAS 1.15:88815 CMTH: DE-AIOS-820R-1005
Ba/O0O/00 13 PABGES UMCLASSIFIED DOCUMENT
Overview of MASA Lewis Research Center free-piston Btirling engine
technology activities applicable to space power systems TLEF: Final
Report
A/BLARY . J. 6.
Mational Asronautics and Space Administration. Lewis Fesearch Center.
Cleveland, Ohic.
Avail: MTIS HC AMR2/MF A1
UMITED STATES Froposed for presentation at the 4th Symposium on Space
Muclear Fower Systems, Albuquergues M. Mex.. 18-16 Jan. 19878 sponsored
the Institute for Space Nuclear Fower Studies

by

SEENGINE DESIGN/#FOWER EFFICIENMCY/®SFACE FOWER REACTORS/®STIRLING CYOLE/

STIRLING ENGINES

/ HEAT EXCHAMGERS/ FISTOMS/ POWER COMVERTERS/ REGEMERATORS/ SFPACECRAFT
FOWER SUPPLIES

Author

ENTER: X RN/MASA-THM-88811

IR

X £)

’rooooooooocnooo



:
m.O.....QCOO....




DOE/NASA/1005-10
NASA TM-88815

Overview of NASA Lewis Research
Center Free-Piston Stirling Engine
Technology Activities Applicable
to Space Power Systems

Jack G. Slaby

National Aeronautics and Space Administration
LLewis Research Center

Cleveland, Ohio 44135

Work performed for

U.S. DEPARTMENT OF ENERGY

Division of Building and Community Systems
Washington, D.C. 20545

Under Interagency Agreement DE-AI05-820R1005

Prepared for

Fourth Symposium on Space Nuclear Power Systems
sponsored by Institute for Space Nuclear Power Studies
Albuquerque, New Mexico, January 12-16, 1987

A~ 29 7327






E-3170
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SUMMARY

An overview is presented of the National Aeronautics and Space Administration
(NASA) Lewis Research Center free-piston Stirling engine activities directed
toward space-power application. Free-piston Stirling technology is applicable
for both solar and nuclear powered systems. As such, the Lewis Research Center
serves as the project office to manage the newly initiated SP-100 Advanced
Technology Program. This five-year program provides the technology push for
providing significant component and subsystem options for increased efficiency,
reliabi1ity and survivability, and power output growth at reduced specific

mass. :

One of the major elements of the program is the development of advanced power
conversion concepts of which the Stirling cycle is a viable candidate. Under
this program the research findings of the 25 kWe opposed-piston Space Power
Demonstrator Engine (SPDE) are presented. Included in the SPDE discussion are
initial differences between predicted and experimental power outputs and power
output influenced by variations in regenerators.

Projections are made for future space-power requirements over the next few
decades. And a cursory comparison is presented showing the mass benefits that
a Stirling system has over a Brayton system for the same peak temperature and

output power.

The work discussed in this paper 1s synergistic with the NASA Advanced Solar
Dynamic Program where Lewis 1s conducting research on advanced concentrator,
receiver, and thermal energy storage systems at temperatures around 1000 K for
Stirling and Brayton cycle power conversions systems.

Introduction

Free-piston Stirling technology was started with the work of William Beale at
Ohio University around 1962. This early work resulted in small-scale
fractional-horsepower engines which demonstrated basic engine operating prin-
ciples. The potential advantages (hermetically sealed, high efficiency, and
simplicity) of this type of engine became more widely recognized in the early
1970's. This recognition resulted in larger companies taking an interest in
its development for heat pumps and solar applications.

Shortly thereafter, the Department of Energy (DOE) took an interest in heat
pump development. One area of specific interest to the DOE is the free-piston
Stiriing engine-driven heat pump. Coincidentally, NASA Lewis was conducting



research on free-piston Stirling engines as one of several candidates for
potential space-power systems. Although both applications, residential heat
pumps and space power, appear quite different, their requirements complement
each other. These requirements include high efficiency, the potential for
long 1ife and high reliability, low vibration, and hermetic sealing. These
common requirements became the basis for a cooperative interagency agreement
(IAA) between DOE/Oak Ridge National Laboratory (ORNL) and NASA Lewis signed
September 1982. The research resulting from this IAA covers generic free-
piston Stirling technology applicable to both space power and terrestrial heat
pump application. This generic technology effort will not be addressed further
as part of this paper due to a length restriction. Reference 1 covers some of
the generic work. However, this work is very important to better understand
the fundamentals of free-piston Stirling technology.

In addition to the DOE/ORNL - NASA Lewis projects, an interagency agreement
has been signed between DOE/Sandia National Laboratory and NASA Lewis to uti-
1ize Stirling space technology for solar thermal terrestrial application for

generating solar derived electrical power.

And finally, the SP-100 Space Reactor Power Program was established by NASA,
the Defense Advanced Research Projects Agency, Department-of Energy (DOE) and
the Air Force in February 1983. For almost three years various power conver-
sion concepts were investigated, until recently, when the thermoelectric con-
cept was chosen for development and ground testing to be conducted until 1991.
This SP-100 program is now in the first year of a 5-yr phase II Ground Engi-
neering System (GES) program. In support of this program, free-piston Stirling
system technology development is continuing under the newly initiated SP-100
Advanced Technology Program. The Lewis Research Center serves as the project
office for NASA's SP-100 Advanced Technology Program, the purpose of which is
to demonstrate the technology necessary to proceed into final development of a
space-qualified free-piston Stirling engine to meet future mission needs. The
free-piston Stirling advanced technology work described in this report 1is
either conducted at or managed by the Lewis Research Center in support of the
NASA SP-100 Advanced Technology Program.

Why Free Piston?

The Stirling free-piston system has many attractive attributes, several of
which are tabulated in Fig. 1. Specifically, the Stirling cycle is the most
efficient thermodynamic heat engine cycle that exists. Of the concepts
considered for SP-100 selection, the Stirling cycle has the highest efficiency
for the same given heat input and heat rejection temperatures. Because the
Stirling system employs the gas bearing - either hydrodynamic or hydrostatic -
there i1s the potential for long 1ife and high reliability.

A system composed of a Stirling engine/1inear alternator has only two moving
parts per cylinder - that is the displacer and the power piston/alternator
plunger. The result is a relatively simple configuration. A single-cylinder
engine can be balanced either actively or passively using a spring-mass
combination.

Free-piston Stiriing engines contain no s1iding rod seals such as those present
in the kinematic concepts. The energy conserved by not having to overcome the
losses in the frictional rod seals is not totally free. The free-piston
Stirling concept utilizes gas springs which have hysteresis losses. At the
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present time, 1t 1s not known whether the free-piston concept or the kinematic
concept 1s the most efficient, but i1t. is felt that there should not be much
difference between the efficiencies of the two concepts. The fact that there
1s no oi1 inside the engine makes the free-piston a strong candidate for long
1ife. There 1s no chance of getting oil contamination into the regenerator
and degrading engine performance. An opposed-piston free-piston Stirling
engine with a common expansion space, theoretically has the potential .for
graceful degradation in the event that one engine has larger losses than the
other. Both pistons then produce equal power, but at a reduced level.

The power output of the free-piston is very flexible in that not only is a
linear alternator possible, but so are other concepts. These concepts include
the hydraulic output with a hydraulic motor/pump and a conventional rotating
alternator; and a hydraulic drive/gas compressor output which can provide gas
turbine power to a conventional or high speed alternator.

Stirling/Brayton System Mass Comparisons

Reference 2 has assembled information from various Lewis Research Center con-
ducted dynamic space power systems analyses. -The study was to compare the
different nuclear and solar dynamic power system technologies on the basis of
system mass and drag area with emphasis on the growth space station applica-
tion. The comparisons presented here, which will show only the mass variation,
are considered preliminary, in that results can be expected to change as
assumptions and analyses are refined and as different tradeoffs are examined.
However, it is believed that the relative comparisons are basically valid. It
is clear that other system characteristics such as cost, reliability, develop-
ment status and safety will greatly impact additional comparisons. For the
purpose of the study a 40 kWe solar dynamic system module size was assumed,
with four modules producing 160 kWe. Each module is a self-contained power
system consisting of a solar collector, heat receiver, power conversion system
(including engine and energy storage), power system radiator, and power condi-
tioning system. In the solar study the heat storage media 1s either LiF or

L10H.

The nuclear dynamic systems consist of a single 1iquid-metal cooled reactor, a
man-rated radiation shield, multiple Brayton or Stirling engines (for redun-
dancy), power systems radiators, and power conditioning. The nuclear reactor
1s assumed to be 30 m from the space station habitat. Figure 2 shows total
system mass for both Brayton and Stirling systems each using solar and nuclear
energy sources, as a function of electrical outlet power. The solar power
systems are assumed to scale linearly with power, while the nuclear power sys-
tems scale less than linearly. 1In all cases the Stirling system, because of
its high efficliency, 1s the lighter system.

Future Space Power Projections

Over the next several decades, the amount of electric power required in space
1s expected to grow immensely. Today's larger satellites require almost 10 kWe
of power. Most of these satellites are powered by solar arrays with storage
batteries. Tomorrow's space platforms will continuously require hundreds of
kilowatts; and some will periodically consume many megawatt-hours of energy.
These space platforms will include manned space stations, communication sta-
tions, surveillance platforms, and defensive weapons. These large power sys-
tems will be quite different from today's solar arrays.
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Projections of space power growth tend to show broad trends as shown in Fig. 3.
These broad trends are a direct result of uncertainties in future mission capa-
bilities and needs. It is however, clear that future space power needs may be-
several orders of magnitude greater than anything that has been accomplished

to date. The challenge for the space power planner is formidable - to select
power technologies that can meet the projected trends and adapt to muitiple
users. One potential solution is the use of dynamic power conversion .units

~ either solar or nuclear.

Figure 4 is an artist's conception of an SP-100 Stirling engine system. The
concept uses a nuclear reactor and shield along with both fixed and deployed
radiator panels. Thermoelectric electromagnetic pumps are employed to trans-
port the hot T1iquid from the reactor to the Stirling engines.

Space Power Demonstrator Engine (SPDE)

NASA, in coordination with the overall SP-100 development program, initiated
an SP-100 Advanced Technology Program. The objectives of the Advanced Tech-
nology program are to augment the ground engineering system (GES) engineering
development and ground testing of major subsystems and to provide significant
component and subsystem options for increased efficiency,-reliability, surviv-
ability, and growth, at reduced weight and high reliability. Thus, enhancing
the chances of success for the overall SP-100 power system development.

These goals will be obtained through the key elements of the broadly based
program which include: systems analysis to guide the overall effort and
advanced technology development in the areas of Energy Conversion, Thermal
Management, Power Conditioning and Control, Space Power Materials and Struc-
tures, and Spacecraft Environmental Effects. Building upon the technology
advancements accomplished in Phase I of the SP-100 program, the advanced
Stirling technology conversion project is one important element of the pro-
gram. The key Stirling technology areas needed for this broadly based program

are listed in Fig. 5.

In concert with the Advanced Technology Program a demonstrator engine was built
and is currently under test. The engine is called the Space Power Demonstrator
Engine (SPDE). The SPDE was designed and fabricated by Mechanical Technology
Inc. (MTI) of Latham, NY. The engine 1s currently under test at this facility.
The nominal design was 25 kWe from the two opposed-piston Stirling engine

- linear alternator system. A photograph of the engine is shown in Fig. 6.

The engine is about 1-1/4 m in length and about 1/3 m in diameter. It 1s sus-
pended from the ceiling by four vertical straps. This flexible suspension was
the test configuration and no discernible vibration was observed during opera-
tion. Accelerometers mounted on the engine housing indicated maximum ampli-
tudes (peak-to-peak) of less than 0.01 mm which corresponds to a "g" of less
than 0.2. A general description of the engine is given in Refs. 3 and 4.

Because of the tight schedule to design, fabricate, and test the engine, the
maximum engine temperature for initial testing was 1imited to 650 K. The cost
of a 1iquid metal facility (necessary for higher temperature operation) was
also a factor in selecting 650 K as the heater temperature. The cold or cooler
temperature was maintained at 325 K in order to operate the engine at a tem-
perature ratio of 2. The temperature ratio of 2 was chosen for a minimum
weight system (including reactor and radiator).




The SPDE 1s a development engine and, as such, is not a final space configura-
tion. However, with straight-forward material substitutions and replacing
bolts and flanges with welds, the SPDE specific mass at design power is reduced
to 7.2 kg/kWe from the laboratory specific mass of 12.7 kg/kWe.

The two top and bottom curves of Fig. 7 compare the predicted and early
(11-22-85) experimental results at design pressure of 150 bar. The engine ran
well but the power generated was about half the predicted power. This was
unexpected because at the half design pressure of 75 bar the experimental power
was about 90 percent of the predicted power. Keep in mind that the engine
frequency also changes with engine pressure. At 75 bar the engine frequency

is 74 hz and at 150 bar the frequency is 105 hz. A concentrated effort was
conducted by both MTI and NASA to resolve the power shortfall problem. On
balance, the mechanical operation of the engine has been flawless. Both power
pistons (alternator plungers) and one displacer have been completely trouble-
free. One displacer drive was troublesome until a positive cylinder alignment
was incorporated into the design. 1In order to understand why there was a power
shortfall additional instrumentation was added to the engine as well as a com-
plete recalibration of all flow meters, resistance temperature devices, and
pressure sensing devices. Thermocouples were- located at the interface of each
heat exchanger (1.e., heater-regenerator, regenerator-cooler, etc.).

A series of dlagnostic tests were conducted in order to isolate potential power
shortfalls. The tests consisted of cold and at temperature motoring tests with
the displacer (one of the two moving parts per engine) locked in place. A
motor-generator set supplied power to motor the alternator of the SPDE. The
purpose of these tests was to determine whether gas leakage and/or hysteresis
are a cause of the power shortfall. Additional motoring tests were conducted
with both displacer and piston unlocked at a temperature ratio of 1. This test
verified that leakage and/or hysteresis were not contributing to the power

shortfall.

The SPDE engine is at the forefront of Stirling technology and operates at

105 Hz, 1.75 times greater than previously designed Stirling engines (the
equivalent to an automobile engine at 6300 rpm). As such, the higher fre-
quency generates large dynamic oscillating forces on the regenerator which
have resulted in regenerator fretting and damage. Previous free-piston
Stirling regenerators - due to the low pressure ratio of free-piston engines -
were not sintered or canned and maintained their integrity over long periods
of operation.

As an example, the nominal 3 kW MTI Endurance Engine ran over 5500 hr without
any regenerator problems. Nevertheless, Fig. 8 shows a comparison between the
uncanned, unsintered screen regenerators before testing and after only about
20 hr of 105 Hz operation. Sintered and canned regenerators are on order for

future testing.

The damaged screen regenerators were replaced with a sintered - though not
optimized - regenerator of a smaller diameter wire and higher porosity. Also
a modification was made to an element of the load circuit which previously
prevented achievement of power levels greater than about 14 kW. Although the
regenerator was not optimum the performance improvement was dramatic. This
can be seen by the middle curve in Fig. 7. The final testing is far from com-
plete but further power improvement is expected when the sintered screen




regenerators are installied. At present, the alternator is not performing as
expected and we plan a detailed investigation in this area.

Concluding Remarks

The space power demonstrator engine (SPDE) has successfully operated for over
300 hr and has delivered 20 kW of PV power to the alternator plunger. The
SPDE has demonstrated that a dynamic power conversion system can, with proper
design, be balanced; and the engine performed well with externally pumped
hydrostatic gas bearings. Testing of the engine will continue its steady
development and will provide a test bed to evaluate new and unproven compo-

nents/technologies.

In conclusion, we feel that the free-piston Stirling engines are just starting
to achieve the attention and creditability that they deserve for space-power
application. Free-piston Stirling systems can easily be used with both solar
and nuclear powered systems and offer the potential for high efficiency, long
1ife and high reliability.
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